Abstract. Stability of thin boron-carbon films on silicon substrates was studied. EPMA measurements were used for the film characterization. If the background pressure in the setup was lower than 5 x 1 0 -~ Torr the oxygen content in the films did not exceed 3 at.%. The concentration of oxygen in the films increased considerably as a result of bad basic vacuum or insufficient degassing of precursor. While exposed in air for several months the films gradually increased their oxygen content up to 20 at.%. Fnther measurements demonstrated no changes in the film composition. The films in which initial oxygen concentration was more than 50 at.% proved to be unstable and tended to disappear at room temperature within a month. Carbon and boron X-ray emission spectra measured by EPMA technique were used to study the chemical bonds in these films. It was shown that the chemical bonds have been formed between boron and oxygen atoms if oxygen concentration exceeded 36 at.%. This phenomenon was not observed for the films with low initial oxygen concentration. The ways of the film evaporation are discussed.
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INTRODUCTION
At present amorphous boron-carbon films are used as a protective coating for inner surface of the fusion devices. Application of the coatings reduces plasma impurities and improves plasma parameters in tokamaks due to preventing D-ions and metal surface interaction. Carborane which is a harmless crystalline powder with high value of saturated vapor pressure was used as a precursor. The films were first obtained in a glow discharge laboratory setup and then PECVD technique was used in T-3M and T-11M Russian tokamaks [1, 2] . A number of analytical methods (EPMA, SIMS, TEM, ellipsometry etc.) were used for the film characterization [3, 4] . It was shown that BIC ratio grew from 1.0 to 3.6 under the increasing carborane pressure and it did not depend on the other factors, such as substrate temperature and voltage applied. The hydrogen content measured by SIMS, RBS and ERD technique was approximately 30 at.% of the sum of boron and carbon concentrations. The coatings proved to be uniform along the surface and in depth. The deposition rate was about 150 nm/h and the film thickness was usually in the range from 50 to 600 nm. The film density calculated on the basis of linear and mass thickness was equal to 1.6 gicm3. It should be mentioned that the boron-carbon coatings had high erosion resistance to the ion and plasma irradiation [5] . For example, the film erosion yield under deuterium plasma irradiation was ten times lower than the graphite one. Unfortunately, films with high oxygen concentration were found to be unstable and volatilized at room temperature. The inital oxygen content in the coatings depended strongly on the purity of the precursor and on the vacuum conditions. In addition, the films absorbed oxygen (or water vapor) from air and from residual gases during ion irradiation. The main purpose of the paper is to study oxygen influence on the boron-carbon film stability.
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EXPERIMENTAL PROCEDURES
The boron-carbon films were deposited on the single crystall silicon substrates in the dc glow discharge setup. The scheme of the setup was described in detail in [2] . Carborane C2B10H12 was used as a precursor. Unlike diborane and trymethylborane used previously, this substance is accident proof and is non-toxic. The deposition was carried out at substrate temperature 420K and carborane vapor pressure 10-2 Torr. The ion energy was 20 eV, the ion flux was about 1016 cm-2s-l. Electron probe microanalysis (EPMA) proved to be the most suitable method for measurement of the boron-carbon film composition [3, 6] . Although it was originally designed to study bulk samples the recent computational achievements provide quantitative analysis of thin films as well. EPMA is more reliable method than AES and XPS because the signal is formed not only by a shallow layer close to the surface but by the film as a whole. Special EPMA technique was developed for the boron-carbon film characterization [3] . Measurements were carried out using microanalyser CAMEBAX equipped with conventional lead stearate crystal for light element analysis. Accelerating voltage was 10 kV and beam current was 100 mA at the normal beam incident and 40 take off angle. Boron, diamond and silicon dioxide were used as standards for boron, carbon and oxygen elemental analysis correspondingly. The analysis of the targets comprising light elements is complicated by the chemical shifts which affect the shape and position of X-ray emission lines. As for the shape, the area-peak correction procedure described in [7] was applied. The area-peak factors for boron, carbon and oxygen were measured carefully in special experiments. The shift of line positions was taken into account due to additional spectrometer adjustment prior the measurements. Elemental composition (except for hydrogen) and mass thickness of the coatings were calculated using a col~l?uter code based on Yakovitz-Newbury method [8] . The algorithm took properly into account X-ray absorption inside a film (mass absorption coefficients were taken from [7, 9, 10] ), that is of special importance for the light element analysis. Secondary fluorescence was not taken into account because it is negligibly small in B-C-0 systems. It should be noted that although there is up to 30 at.% of hydrogen in the film, it does not affect boron, carbon and oxygen radiation intensities [6] and may be neglected. The accuracy of the analysis is derived from the statistical uncertainty in X-ray intensity measurements (3-5%) and the calculation error (-7%). The accuracy of mass thickness and composition determinations was about 10%, the accuracy of B/C ratio calculation was better than 15%. A number of boron-carbon films were deposited on silicon substrates under various vacuum conditions. Out of these the six samples with the oxygen content from 2 to 76 at.% (see table l ) were selected for the futher investigation. 
RESULTS AND DISCUSSION
It was shown that the oxygen content in the films did not exceed 3 at.% if the residual gas pressure in the setup was lower than 5x10-~ Torr. The concentration of oxygen in the films increased as a result of bad basic vacuum or insufficient degassing of precursor. The films with initial oxygen content more than 50 at.% were unstable and volatiled at room temperature when stored in air. As indicated in fig.1 the mass thicknesses of boron and oxygen decreased gradually within a month. On the contrary the mass thickness of carbon increased due to absorption of carbon-containing molecules from air, but it returned to its initial value after annealing at 870K. Futher measurements showed no changes in the film composition. All boron atoms which remained in the film must have formed the stable boron-carbon bonds. The atomic composition of volatile part of the film was calculated on the basis of the mass thickness variations and it was shown to follow approximately to B03 formula (except for hydrogen). As mentioned above the chemical effects on X-ray lines may cause errors in quantitative elemental analysis. On the other side this phenomenon can be used to obtain information on chemical bonding.
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Boron and carbon K, emission spectra obtained by EPMA technique are shown in fig.:! and fig.3 .
The carbon spectra were exactly the same for all the samples i.e. oxygen did not affect shape and position of carbon emission line. In contrast, boron X-ray spectra were changed significantly for the films with high oxygen content (curves 2 and 3 in fig.3 ). Moreover these spectra can be fitted by the equations:
where Fi(h) -the experimental boron X-ray spectra indicated in fig.3 . The data obtained show that oxygen accumulation in the films during the deposition resulted in formation of the boron-oxygen chemical bonding and the type of the bond is similar to boron oxide one. It should be emphasize that the formation of boron oxide occured during the film deposition only. As it was demonstrated earlier the boron-carbon films absorbed oxygen or water vapor from air but the concentration of oxygen never exceeded the saturation value (20 at.%) and the films never became volatile [3] . Oxidation of boron-carbon materials was described in a number of papers and it was shown that the interaction of water vapor and oxygen with boron-doped graphites occurs by two consecutive stages [ll-131. The first stage of the oxidation results in boron oxide formation and the second one is associated with the following reactions:
We suggest that the similar processes took place under the film oxidation. In our case boron oxide was formed during the film deposition. According to Litz [l21 water vapor can react with boronated graphite at temperatures as low as 523K and the reaction with dry air is detectable at temperatures of the order of 723K. In our experiments the deposition temperature was 420K but the reaction of boron oxidation may be enhanced by plasma irradiation. B203 formation due to boron and boron carbide irradiation by low energy O+ ions was observed by Zehringer et al. [14] . It seems most probable that the next stage of the film oxidation (i.e. boron oxide and water interaction according to reactions (3) and (4)) occured after the deposition. The boron-carbon films proved to absorb water vapor from air so H20 can react slowly with boron oxide forming volatile molecules of boric acid. The film evaporation in the form of boric acid molecules is supported by the B03 formula for the volatile part of the films. These conclusions are in agreement with the results obtained by Alimov et al. [l31 on boron-doped graphites.
CONCLUSION
The boron-carbon films in which initial oxygen content exceeded 50 at.% proved to be unstable and tended to volatilize within a month. The film evaporation was found to be connected with boron oxidation. The films with low initial oxygen concentration absorbed oxygen from air during several months but they did not ever become volatile. All the films with initial oxygen concentration lower than 15 at.% can be used for the tokamak application.
